Abstract Progressive multifocal leukoemcephalopathy (PML) is a fatal demyelinating disease caused by the human neurotropic JC virus (JCV). JCV infects the majority of the human population during childhood and establishes a latent/persistent lifelong infection. The virus reactivates under immunosuppressive conditions by unknown mechanisms, resulting in productive infection of oligodendrocytes in the central nervous system (CNS). Given the fact that the natural occurrence of PML is strongly associated with immunosuppression, the functional and molecular interaction between glial cells and neuroimmune signaling mediated by soluble immune mediators is likely to play a major role in reactivation of JCV and the progression of the lytic viral life cycle leading to the development of PML. In order to explore the effect of soluble immune mediators secreted by peripheral blood mononuclear cells (PBMCs) on JCV transcription, primary human fetal glial (PHFG) cells were treated with conditioned media from PBMCs. We observed a strong suppression of JCV early as well as late gene transcription in cells treated with conditioned media from induced PBMCs. Using a variety of virological and molecular biological approaches, we demonstrate that immune mediators secreted by PBMCs induce the expression of SRSF1, a strong inhibitor of JCV gene expression, and inhibit the replication of JCV. Our results show that downregulation of SRSF1 in glial cells overcomes the suppression of JCV gene expression and its replication mediated by soluble immune mediators. These findings suggest the presence of a novel immune signaling pathway between glial cells and PBMCs that may control JCV gene expression during the course of viral reactivation.
Introduction
Replication of JC virus in glial cells causes the fatal demyelinating disease of the central nervous system, progressive multifocal leukoencephalopathy (PML), which is usually seen in immunocompromised patients (Ferenczy et al. 2012; Warnke et al. 2015; Carruthers and Berger 2014; Safak et al. 2005) . PML is the only viral demyelinating disease of the human brain characterized by lytic infection of astrocytes and oligodendrocytes (Padgett et al. 1971; Eng et al. 2006; Berger and Khalili 2011) . JCV infects the majority of the human population during childhood and establishes a life-long latent/persistent infection in healthy individuals (Weber 2008; Moens and Johannessen 2008) . Between 3 and 5 % of HIV-infected individuals develop PML (Focosi et Al. 2010; Zheng et al. 2009; San-Andres et al. 2003) . PML has also been diagnosed in patients with autoimmune diseases treated with immunomodulatory therapies, such as the monoclonal antibodies natalizumab and efalizumab, which bind to alpha-integrin molecules on the surface of B and T cells, respectively, and prevent their entry into the brain. Another example is rituximab which binds to the CD20 molecule on the surface of B cells, causing their depletion from peripheral circulation. PML was diagnosed in RS and FIDS contributed equally to this work. two multiple sclerosis patients and in one Crohn's patient treated with Tysabri in 2005 (Sandborn et al. 2005; Langer-Gould et al. 2005; Kleinschmidt-DeMasters and Tyler 2005) . As of March 5, 2015, there have been 541 confirmed PML cases (Biogen Idec), the majority of which have been observed in multiple sclerosis patients. PML has been detected in four plaque-psoriasis patients treated with efalizumab and in approximately 57 patients treated with Rituxan (rituximab) used in lymphoma patients and some rheumatoid arthritis patients (Carson et al. 2009 ). PML is highly fatal within 6-12 months (Brew et al. 2010) . Currently, the only available option for PML patients is the restoration of the underlying immune impairment.
JC virus consists of a double-stranded, circular DNA genome with an icosahedral capsid. The bidirectional viral promoter separates the viral genome into early and late genes. The early JCV transcript encode for T antigen, small t antigen, and a series of T' proteins generated by alternative splicing. T antigen plays a key role in JCV life cycle. T antigen can bind to its own promoter and act as a transcription factor to autoregulate early gene expression and activate the expression of the late viral transcript, which encodes the accessory protein, agnoprotein, and capsid proteins VP1, VP2, and VP3 (Lashgari et al. 1989) . T antigen is expressed in the early phase of viral reactivation and is required for the initiation of the lytic viral life cycle.
The natural occurrence of PML is strongly associated with immunosuppression and limited inflammation is observed in the brain (Wüthrich et al. 2006) . While evidence has suggested that cell-mediated immunity (i.e., T cellmediated CTL response) could be the main mechanism controlling JC virus replication (Du Pasquier et al. 2004; Koralnik 2002) , little is known about the immunobiology of JCV reactivation in glial cells and the role of immune, glial, and viral players in this regulation. As the natural occurrence of PML is strongly associated with immunosuppression, neuroimmune signaling mediated by soluble immune mediators are likely to play a major role in controlling JCV reactivation and the progression of the lytic viral life cycle leading to the development of PML. Here, we investigated the possible impact of soluble immune mediators secreted by activated immune cells on JCV gene expression as well as viral replication in primary human fetal glial (PHFG) cells. Our results have revealed that JCV transcription and DNA replication is tightly controlled by immune modulators secreted by peripheral blood mononuclear cells (PBMCs). Moreover, a series of virological and biochemical studies has suggested that serine arginine rich splicing factor 1 (SRSF1) is required for neuroimmune suppression of JCV replication. These results have established an important regulatory role of SRSF1 in neuroimmune suppression of JCV in glial cells.
Materials and Methods

Ethics statement
Human PBMCs were isolated from buffy coats (obtained commercially, Biological Specimens, Inc.) in a study approved by the by the Temple University Institutional Review Board. Cultures of PHFG cells were prepared from human fetal brain tissue obtained from Advanced Bioscience Resources (Alameda, CA) under approval of the Temple University Institutional Review Board (IRB).
Cell lines and cultures
PHFG cells were cultured from fetal brain and provided by the Basic Science II Core Facility of the Temple P30 Comprehensive NeuroAIDS Center, Department of Neuroscience, Temple University Lewis Katz School of Medicine. Human PBMCs were isolated from the heparinized blood of buffy coats by Ficoll-Paque technique, induced with PMA and Ionomycin, and conditioned media from either uninduced or induced PBMCs were collected as described previously (De Simone et al. 2015) . Conditioned media were supplemented into growth media (50 %) of PHFG cells transfected with reporter constructs or infected with JCV. SVG-A is a subclonal population of a human glial cell line which was established by transformation of human fetal glial cells with an origin-defective SV40 mutant (Major et al. 1985) .
Stable cell lines
SVG-A cells (1 × 10 5 cells/35-mm tissue culture dish) were either cotransfected with pcDNA3.1 vector alone (Invitrogen) (1 μg/plate) and pLentiLox 3.7 vector alone (2 μg/plate) or with pcDNA3.1 vector alone (1 μg/plate) and pLentiLox 3.7-SRSF1-shRNA (Sariyer and Khalili 2011) (2 μg/plate) by Lipofectamine 2000 method according to manufacturer's recommendations (Invitrogen). At 6 h posttransfection, cells were washed twice with phosphatebuffered saline (PBS) and re-fed with DMEM culture media containing 10 % FBS. After 24 h, cells from each 35-mm plate were trypsinized and re-plated onto three 100-mm plates. Cells were allowed to attach for 6 h, and then, the medium was replaced with DMEM containing 500 μg/ml G418 and 10 % FBS. The medium of the cells was replaced every 2-3 days until individual colonies formed. The single-cell colonies were selected based on GFP expression, screened for SRSF1 downregulation by Western blotting, expanded and frozen in liquid nitrogen.
Plasmid constructs
The luciferase reporter constructs pLuc-JCV-Early and pLuc-JCV-Late were made by blunt end cloning of the full-length Mad-1 NCCR into the SmaI site immediately upstream of the luciferase gene in the plasmid pGL3 (Promega, Madison, WI) as described previously (Wollebo et al. 2011) . The luciferase reporter plasmid pLuc-SRSF1 (−1000) was made by cloning the −1000 to +49 promoter region of SRSF1 gene into pGL3 vector at BamH1 site. pLentilox3.7-SRSF1-shRNA was described previously (Sariyer and Khalili 2011) . pBlue-Mad1 WT plasmid was described previously (Sariyer and Khalili 2011; De Simone et al. 2015) .
Luciferase reporter assay
PHFG cells were plated in six-well tissue culture dishes and transiently transfected with the pLuc-JCV-Early, pLuc-JCVLate, or pLuc-SRSF1-1000-bp reporter plasmids. At 48 h posttransfection, cells were extracted and lysed using reporter lysis buffer for the luciferase reporter system provided by the manufacturer (Promega). After cell lysis, luciferase activity of samples was determined through the use of luciferase assay reagent (LAR). The luciferase activities were then corrected for protein concentrations and normalized to the basal levels of transcription, allowing for determination of the fold change relative to control.
JCV infection
Infection of cells with JCV was performed as described previously (De Simone et al. 2015) . Briefly, PHFG, SVG-A-GFP, or SVG-A-SRSF1-shRNA cells were plated in T75-cm tissue culture flask and were transfected with the full-length JCV Mad1 genomic DNA using Fugene6 transfection (Roche). At 8 days postinfection, infected cells were trypsinized and divided into two equal portions. One half portion of the cell pellet was used for the preparation of protein extracts for Western blot analysis, and the other half was used for viral genomic DNA preparation using the Qiaprep Spin Miniprep kit (Qiagen).
Nonradioactive Southern blotting and DpnI assay
JCV genomic DNA purified from PHFG cells were first digested with DpnI and BamHI enzymes, run on 1 % agarose gel, and then transferred to nylon membranes. Replicated JCV DNA was visualized using a DIG-High Prime DNA Labeling and Detection Kit (Roche, USA) according to the manufacturer's instructions. The whole Mad1 genome was linearized by BamH1 digestion, labeled with DIG, and used as a probe for hybridization of the membranes as described previously (De Simone et al. 2015) .
Detection of viral particles in culture medium by Q-PCR
PHFA and SVGA subcell lines were infected with JCV Mad1 strain as described above. The growth media of the cells (containing viral particles) were collected at 8 days postinfections. The cellular debris in growth media was removed by centrifugation at 14,000 rpm for 10 min. The supernatants were collected and incubated at 95°C for 10 min to inactivate the virus. Q-PCR analyses were performed to detect and quantify JCV copy numbers in growth media as described previously (Sariyer and Khalili 2011) . All Q-PCR analyses were done by using the Lightcycler 480 (Roche). VP1 region of JCV was partially amplified by following primers: JCV Q-PCR-forward: 5′-AGTTGATGGGCAGCCTATGTA-3′ and JCV Q-PCR-reverse: 5′-TCATGTCTGGGTCCCCTGGA-3′. The p r o b e f o r t h e Q -P C R w a s 5 ′ -/ H E X / C AT G G A TGCTCAAGTAGAGGAGGTTAGAGTTT/3BHQ1/-3′.
Results
Conditioned media from activated immune cells suppress JC virus transcription
Given the fact that the natural occurrence of PML is strongly associated with immunosuppression, the functional and molecular interaction between JCV regulatory proteins and neuroimmune signaling mediated by soluble immune mediators is likely to play a major role in the reactivation of JCV and progression of the lytic viral life cycle leading to the development of PML. The first and essential step in viral reactivation is the potential induction of viral transcription for the expression of viral regulatory as well as structural proteins for the initiation of the viral life cycle. In order to investigate the possible role of neuroimmune signaling in JCV gene expression, we utilized an in vitro cell culture model of primary blood mononuclear cells (PBMCs) and PHFG cultures. Buffy coats were purchased from a vendor to isolate PBMCs. PBMCs were either induced with PMA and ionomycin or left uninduced in culture for 48 h as described in the Materials and methods. Conditioned media from uninduced and induced PBMCs were collected and supplemented into growth media of PHFG cells transfected with JCV reporter constructs. As the noncoding control regions of JCV are comprised of two independent promoters which drive the viral early and late transcripts, we examined the transcriptional activity of both early and late promoters. As shown in Fig. 1 , PHFG cells treated with conditioned media from uninduced PBMCs showed a slight increase in late promoter activity and relatively no change in early promoter activity (compare lane 3 with lane 2). On the other hand, the activity of both early and late promoters was significantly reduced when the cells were treated with conditioned media from induced PBMCs (compare lane 4 with lane 2). These data suggest that soluble immune mediators secreted by activated immune cells inhibit JCV promoter activity in both early and late orientations.
Soluble immune mediators inhibit JCV replication and induce SRSF1 expression in glial cells
To gain more insight into the immune-glial signaling mediated by soluble immune mediators secreted by activated immune cells, we investigated the effect of conditioned media from PBMCs on JCV replication in glial cells. PHFG cells were infected with the Mad1 strain of JCV and were treated with conditioned media from either uninduced or induced PBMCs at 2, 4, and 6 dpi. Low-molecular-weight viral DNA and whole-cell protein extracts were collected at 8 dpi and analyzed by DpnI/Southern blotting and Western blotting, respectively. The DpnI/Southern blotting assay allows the detection of newly replicated DNA but does not detect the nonreplicated bacterially produced transfected DNA based on ability of the DnpI enzyme to digest the 
Relative luciferase activity transfected DNA due to differences in methylation. Interestingly, treatment of the cells with conditioned medium from induced but not from uninduced PBMCs caused a significant reduction in the levels of replicated genomic DNA (Fig. 2a, b , compare lanes 4 and 5). These data suggest that immune mediators secreted by activated PBMCs reduced JCV genomic replication. In parallel to the DNA samples, whole-cell protein extracts were also prepared from the same experiments and analyzed by Western blotting for the expression of T antigen and VP1 (Fig. 2c, d) . Interestingly, conditioned medium from induced PBMCs showed a significant decrease in T antigen and a slight decrease in VP1 protein levels (compare lane 4 with lanes 2 and 3). We conclude that the observed suppression of viral DNA replication in Fig. 2a by conditioned media is possibly due, at least in part, to the decrease in T antigen and perhaps in VP1 protein levels rather than a direct suppressive impact on viral genomic replication. We have previously identified SRSF1 as a negative regulator of JCV gene expression in glial cells (Sariyer and Khalili 2011; Uleri et al. 2011; Uleri et al. 2013) . We sought to analyze the effect of viral infection and soluble immune regulators secreted by activated immune cells on expression of SRSF1 in glial cells. Interestingly, treatment of JCVinfected cells with conditioned media from stimulated PBMCs caused a noticeable increase in the level of SRSF1 expression (Fig. 2c, d ), suggesting a possible signaling mechanism between immune mediators secreted by activated PBMCs and SRSF1 in controlling JCV replication.
SRSF1 transcription is induced by soluble immune mediators
To further define the neuroimmune induction of SRSF1 expression, we treated PHFG cells with conditioned media from either uninduced or induced PBMCs and analyzed SRSF1 expression by Western blotting. As shown in Fig. 3a , b, SRSF1 expression was increased approximately twofold when the cells were treated with conditioned media from induced but not from uninduced PBMCs in the absence of JCV infection. To gain more insight into the molecular mechanism of SRSF1 induction by immune mediators, the SRSF1 promoter region (−1000 to +49) was cloned into a firefly-luciferase reporter plasmid. PHFG cells were transfected with the SRSF1 reporter construct and treated with conditioned 
Neuroimmune suppression of JCV transcription is mediated by SRSF1
By using a variety of virological and molecular biological approaches, we have previously demonstrated that the alternative splicing factor, SRSF1, has the capacity to exert a negative effect on transcription of the JCV promoter in glial cells through direct association with a specific DNA sequence within the viral enhancer/promoter region (Sariyer and Khalili 2011; Uleri et al. 2013 ). Our results from PHFG cells treated with conditioned media from PBMCs suggested a possible regulatory role of immune conditioning in regulation of SRSF1 gene expression resulting in transcriptional suppression of JCV. Therefore, we sought to investigate the role of SRSF1 in neuroimmune suppression of JCV gene transcription in glial cells. PHFG cells were transiently transfected with the JCV early reporter construct along with a siRNA specific for SRSF1. As a control, cells were also transfected with a nontargeting control siRNA (NT-siRNA). As shown in 
Soluble immune mediators fail to suppress JCV replication in SVG-A subclones with downregulated SRSF1 expression
To investigate the involvement of SRSF1 in suppression of JCV replication by soluble immune mediators, we stably downregulated SRSF1 expression in SVG-A cells with a lentivirus construct encoding shRNA that specifically targets SRSF1 expression. SVG-A cells were transiently transfected with lentiviral constructs encoding either GFP alone or SRSF1-shRNA in addition to GFP in combination with a plasmid carrying a G418 Early Fig. 4 SRSF1 is resistance gene, and cells were grown for 2 to 3 weeks in G418-containing medium. Subclones of SVG-A were selected and analyzed for the downregulation of SRSF1. A representative SVG-A subclone with approximately 50 % downregulation of SRSF1 protein levels was characterized and is shown in Fig. 5a -c. In the next series of experiments, we analyzed JCV infection and the impact of soluble immune mediators on JCV propagation in the SVG-A subclone presented in Fig. 5a . Cells were infected with the Mad1 strain of JCV as described in the Materials and methods and treated with conditioned media from either uninduced or induced PBMCs. Whole-cell protein lysates were collected at 10 dpi and analyzed by Western blotting for the detection of the major viral capsid protein, VP1. As shown in Fig. 6a , comparable levels of VP1 expression were detected in SVG-A cells with GFP expression (lane 2) and in cells with GFP and SRSF1-shRNA (lane 6). As expected, treatment of the control cells (SVG-A-GFP) with conditioned medium from induced but not from uninduced PBMCs showed a dramatic reduction in the levels of VP1 (compare lane 4 with lane 3), suggesting that soluble immune mediators secreted by activated PBMCs suppress JCV propagation in SVG-A cells. On the other hand, treatment of the SVG-A subclonal cells with downregulated levels of SRSF1 (SVG-A-GFP-SRSF1-shRNA) with conditioned media from induced PBMCs resulted in a comparable levels of VP1 expression with the cells treated with conditioned media from uninduced PBMCs (compare lanes 7 and 8). In parallel to cellular extracts, the growth media of the cells was also collected and subjected to Q-PCR for the detection of viral genomic DNA from the same infection studies presented in Fig. 6a . Consistent with VP1 expression, conditioned media from induced PBMCs caused a dramatic decrease in viral copy numbers in SVG-A-GFP cells (Fig. 6b) . On the other hand, SVG-A-GFP + SRSF1-shRNA cells showed comparable levels of viral copies with control infections when treated with conditioned media from induced PBMCs. These results suggest that soluble immune mediators secreted by activated immune cells may require SRSF1 to suppress JCV propagation in glial cells. 
Discussion
There is little known about the immunobiology of JCV reactivation in glial cells and the role of immune, glial, and viral players in this regulation. Since the natural occurrence of PML is strongly associated with immunosuppression, neuroimmune interactions are likely to play a major role in controlling JCV reactivation and the progression of the lytic life cycle leading to the development of PML. Neuroimmune interaction is an extensive bidirectional communication taking place between nervous and immune system in both health and disease. Presumably the same molecules, cytokines/chemokines, neurotransmitters, and neurotropic factors are involved as mediators in both directions (Pacheco et al. 2012 (Uleri et al. 2013; Sariyer and Khalili 2011) , is required for the immune mediated suppression of JCV replication. Cell type-specific reactivation of JCV in glial cells is primarily regulated at the transcriptional level (White et al. 2009 (White et al. , 2015 . In this respect, several transcription factors including YB-1, Purα, Egr-1, c-jun, NF1, and others have been identified based on their ability to modulate JCV promoter activities in glial cells (Chang et al. 1996; Safak et al. 2002; Ravichandran et al. 2006; Romagnoli et al. 2008) . Of note, none of these regulators have been associated with JCV latency or have been shown to be involved in viral reactivation. One may speculate that the combination of ubiquitous negative and inducible positive glial specific factors may determine the level of viral gene expression during the process of viral reactivation. We previously identified an RNA splicing regulatory protein, SRSF1, ubiquitously expressed in all cell types, as a negative regulator of JCV gene transcription in glial cells (Sariyer and Khalili 2011) . While SRSF1 plays a role in splicing viral transcripts, it has a profound impact on transcription of the viral genome and replication of JCV. Overexpression of SRSF1 suppresses JCV gene transcription in human glial cells. Accordingly, suppression of SRSF1 enhances the level of viral replication in glial cells. Here, we showed that soluble immune mediators secreted by activated PBMCs suppress JCV replication and induce SRSF1 protein levels in glial cells. Moreover, glial cells with low levels of SRSF1 expression failed to suppress JCV under neuroimmune conditioning, suggesting that SRSF1 is required for the neuroimmune suppression of JCV gene expression and perhaps for the maintenance of viral latency (see proposed model, Fig. 7) . The exact role of SRSF1 in JCV latency and viral reactivation remains to be investigated.
The key to understanding JCV reactivation will require teasing out the complex regulations that underlie the expression of viral genes and neuroimmune interactions that suppress or activate viral replication. JCV replicates only in human cells and investigation of the role of neuroimmune interactions in JCV reactivation and the development of PML has been severely hampered by the lack of a suitable animal model for JCV replication and reactivation studies. Because there is no suitable animal model for PML, we modelized human PBMCs and PHFG cells in a cell culture setting as the De Simone et al. 2015) . Future investigation of these cytokines individually or in combination in the suppression of JCV transcription and induction of SRSF1 gene expression is needed to further define the molecular pathways associated with neuroimmune regulation of JCV.
In conclusion, our results have revealed a novel neuroimmune signaling between SRSF1 and PBMCs mediated by soluble immune mediators (cytokines and chemokines) in the regulation of JCV gene expression, and provide a new avenue of research to understand the molecular mechanism of JCV reactivation in patients who are at risk of developing PML.
